The structural stability, electronic structure, and magnetic properties are studied for ACr 3 O 8 ͑A = Na, K, Rb; Cr in two formally different valence states͒ using accurate density-functional calculations. The calculations show that at 0 K and high pressures NaCr 3 O 8 remains a ferromagnetic insulator whereas KCr 3 O 8 and RbCr 3 O 8 undergo an antiferromagnetic-insulator-to-ferromagnetic-insulator transition, the transition pressure decreasing with increasing radius of A + from KCr 3 O 8 to RbCr 3 O 8 . Indirect Cr1-to-Cr1 exchange interaction via two intervening oxygen atoms is the origin of the antiferromagnetism. The calculated structural parameters are consistent with the experimental values, actual deviations being discussed.
I. INTRODUCTION
Compounds with mixed-valent transition-metal ions are interesting as they exhibit exotic properties such as charge ordering, high-temperature superconductivity, and colossal magnetoresistance ͑CMR͒. Since the discovery of CMR, a lot of attention has been paid to mixed-valent manganese compounds. Most frequently studied are 3d transition-metal oxides with Mn, Fe, Co, or Cu atoms. Cr substitution for Mn in Pr 0.5 Ca 0.5 Mn 1−x Cr x O 3 ͑x = 0.02͒ is found 1 to destroy charge ordering and induces a semiconductor-to-metal transition with only compositional means ͑viz., without the application of a magnetic field͒. It may therefore be of interest to study oxides containing mixed-valent Cr. In most studies on mineralogy and petrology of mantle rocks, Cr appears to take only the trivalent state whereas all formal valence states from Cr II to Cr VI are known for man-made compounds. However, Cr III and Cr VI are by far the most common chromium valences for oxides, typically in octahedral and tetrahedral coordination, respectively. For example, Cr has octahedral environment and valence III in spinel-type oxides and tetrahedral environment and valence VI in chromates. In the ACr 3 O 8 ͑A = Na, K, Rb͒ compounds considered here, Cr takes both octahedral and tetrahedral coordination with formal ionic valence states believed to be Cr 3+ and Cr 6+ . Hence a detailed study of the valence states, electronic structures, and magnetic properties of these compounds is of considerable interest.
II. STRUCTURAL ASPECTS
The crystal structure of ACr 3 O 8 ͑A = Na, K, Rb͒ is summarized in Table I and depicted in Fig. 1 . X-ray powder diffraction studies 2, 3 have revealed that the three compounds are isostructural and crystallize in the monoclinic space group C2/m. The ACr1 o Cr2 2 t O 8 structure consists of two types of Cr atoms arranged in octahedral ͑o͒ and tetrahedral ͑t͒ environments. There are three crystallographically different O atoms. Cr1 forms six bonds with O atoms, two with O1 and four with O3, in a fairly regular octahedral arrange- ment. Similarly, Cr2 takes a fairly regular tetrahedral coordination, forming one bond each with O1 and O2 and two bonds with O3. The octahedra and tetrahedra are arranged in layers parallel to the a , b plane by corner sharing. The thus generated layers are held together by the alkali-metal cations which have ten nearest oxygen neighbors. The expansion of the c axis on going from A =Na to Rb in the ACr 3 O 8 series is mainly due to the increased size of A + .
III. COMPUTATIONAL DETAILS
The results presented here are based on density-functional theory ͑DFT͒ calculations according to the projected augmented plane-wave 4 ͑PAW͒ method as implemented in the VASP code ͑Vienna ab initio simulation package͒. 5 In this approach the valence orbitals are expanded as plane waves and the interactions between the core and valence electrons are described by pseudopotentials. The optimization of the atomic geometry is performed via a conjugate-gradient algorithm by minimization of the forces and stresses acting on the system. During the simulations, atomic coordinates and axial ratios are allowed to relax for different volumes of the unit cell. These parameters are changed iteratively so that the sum of the lattice energy and the electronic free energy converges to a minimum value. The ground state is calculated exactly for each set of atomic positions and the electronic free energy is taken as the quantity to be minimized. The experimental structural parameters 3 are used as the initial input. Convergence minimum with respect to atomic shifts is assumed to have occurred when the energy difference between two successive iterations is less than 10 −7 eV f.u. −1 and the forces acting on the atoms are less than 1 meV Å −1 . The generalized-gradient approximation 6 ͑GGA͒ is used to obtain accurate exchange and correlation energies for a particular atomic configuration. The calculations were carried out using a 4 ϫ 8 ϫ 8 k-point Monkhorst-Pack grid, equivalent to 64 k points in the irreducible Brillouin zone. A further increase in the number of k points proved to have negligible effect on the total energy. A plane-wave energy cutoff of 550 eV was used in all calculations. In order to avoid ambiguities in the free-energy results we have used same energy cutoff and k-point density in all calculations. The structural optimizations were performed in paramagnetic ͑P͒, ferromagnetic ͑F͒, and antiferromagnetic ͑AF͒ configurations for all the three compounds. We have calculated the total energy of the compounds as a function of volume for ten different volumes, fitted the results to the so-called universal equation of state, 7 and therefrom extracted the bulk modulus ͑B 0 ͒ and its pressure derivative ͑B 0 Ј͒.
IV. RESULTS AND DISCUSSION

A. Structural optimization
The results discussed in the following sections refer to KCr 3 O 8 unless otherwise specifically mentioned. The structural optimization in the P, F, and AF configurations shows that the AF configuration has the lowest total energy and represents accordingly the ground state for KCr 3 O 8 ͑Fig. 2͒. This is in agreement with the magnetic susceptibility data 8, 9 which show AF ordering below T N ͑Néel temperature͒ = 125± 4 K. The calculations show that RbCr 3 O 8 also has an AF ground state whereas NaCr 3 O 8 has a F ground state. The optimized lattice parameters and atomic positions along with the experimental values are given in Table I , showing reasonably good agreement between the two sets of data. The calculated cell parameters agree well for NaCr 3 O 8 , but for KCr 3 O 8 and RbCr 3 O 8 the unit-cell parameters are up to some 3.8% larger than the experimental values. The PAW method with the GGA generally gives up to 3% overestimated volumes in some cases. 10 In order to check the deviations between the computational and experimental structural parameters for these compounds, we repeated the calculations with more k points, higher energy cutoff, and also including the semicore K p and Cr p states in the valence configuration. None of these calculations significantly changed the values from those listed in Table I . We also carried out a similar set of calculations using the local-density approximation ͑LDA͒ instead of the GGA. In this case, the obtained equilibrium parameters are up to 3.6% underestimated.
In order to check the effect of the Cr PAW potential on the lattice parameters we also carried out test calculations with different potentials for CrO 2 , which is an archetype for halfmetallic ferromagnets. We correctly obtained the F halfmetallic ground state and the equilibrium unit-cell volume ͑see Table II͒ varied around 2%, viz., well within the limit of the accuracy for DFT calculations. In all calculations the derived magnetic moment per Cr atom in CrO 2 came out as ϳ2.0 B as expected for Cr IV ͑d 2 ͒. Hence the choice of potentials for the constituent elements does not significantly influence the optimized lattice parameters.
As noted earlier, the studied systems have a layered arrangement within a , b planes. It is noteworthy that the largest deviations in lattice parameters between experiment and theory are found precisely for the a direction ͑3.8% and 3.5% for KCr 3 O 8 and RbCr 3 O 8 , respectively͒. Moreover, for KCr 3 O 8 the deviation in a is considerably smaller in the P case ͑2.8%͒ than the AF case ͑3.8%͒. The significance of the latter finding lies in the fact that the experimental values refer to the P state at room temperature. The variation of b is almost negligible for the P and F states ͑ϳ0.02% ͒ and somewhat larger for the AF state ͑0.44%͒, whereas that for c is more appreciable for all ͑P, F, and AF͒ states ͑3.2-3.4 %; see Fig. 3͒ . From Table III , it is seen that the calculated average bond length Cr1 o -O for the three compounds is some 2% smaller than the experimental value. On the other hand, the calculated and experimental bond lengths Cr2 t -O are almost the same. Cr1 has a finite magnetic moment whereas that for Cr2 is negligible ͑see Sec. IV B͒. The strongly bonded tetrahedral Cr2O 4 units are not affected by either external pressure or magnetic interactions whereas the octahedral Cr1O 6 units are influenced by such perturbations. Hence, the discrepancy between the calculated and experimental lattice parameters may be attributed to the layered structure, the strongly bonded macromolecularlike Cr 3 O 8 units within the layers, and/or magnetoelastic effects. As the experimental values refer to room temperature ͑well above the magnetic transition temperature͒ and the calculations correspond to 0 K, low-temperature neutron-diffraction studies on the crystal and magnetic structures of these compounds are needed to shed light on this situation.
The change in total energy as a function of unit-cell volume for KCr 3 O 8 is shown in Fig. 2 . This shows that a transition from the AF to the F state takes place at a pressure of 2.36 GPa, associated with a volume discontinuity of 6.4%. As the energy difference between the AF and F states is small ͑Table IV͒, it should be easy for this magnetic transition to occur. Similarly, RbCr 3 O 8 also undergoes a transition from the AF to the F state at 1.31 GPa, whereas no pressureinduced magnetic transition is revealed for NaCr 3 O 8 which remains in the F state throughout the pressure range studied.
B. Magnetic properties
We have calculated the total energy for P, F, and AF configurations as well as three different types of ferrimagnetic ͑Ferri͒ ordering. However, all Ferri configurations finally ended up with either F or AF solutions. Two different AF arrangements were considered of which that depicted in Fig.  1͑b͒ came out 300 meV f.u. −1 lower in energy. We have also calculated the Liechtenstein exchange parameters 12, 13 for the Cr atoms based on the formalism implemented in the TBLMTO-47 code 14 and made use of the findings as guidelines to construct the magnetic cell. From the calculated exchange parameters we found that the indirect Cr1-to-Cr1 and Cr2-to-Cr2 interactions via intervening O atoms are AF ͑magni-tudes 64.5 and 0.03 meV, respectively͒, whereas the corresponding Cr1-to-Cr2, interactions are F ͑magnitude −2.74 meV͒. The mutual exchange interaction between the Cr1 and Cr2 sublattices is accordingly very small. Moreover, as Cr2 carries a minor moment ͑see below͒ the net macroscopic effect of AF ordering ͑as assumed in the computational model͒ or paramagnetic disordering of the Cr2 moments will virtually be the same. Note that the Cr-Cr separation in the compounds ͑ജ3.38 Å for KCr 3 ings at low temperature with paramagnetic moments of ͑4.30± 0.04͒ B and ͑4.35± 0.02͒ B f.u. −1 , respectively. A number of manganese-containing compounds has been found to transform from an AF insulating ͑semiconducting͒ phase to a F metallic phase with an associated CMR effect on application of magnetic fields. The present calculations predict that KCr 3 O 8 and RbCr 3 O 8 stabilize in the F insulating phase ͑note at 0 K͒ on application of a sufficiently large field. Transport-property studies on these materials as a function of magnetic field should be particularly interesting because of the occurrence of insulating ͑semiconducting͒ states in both AF and F phases. The resistivity of the AF phase should be larger than that of the F phase owing to the enhanced scattering of the electrons by the AF-aligned spins. Hence, the measurement of changes in resistivity as a function of magnetic field should provide evidence of contributions from spin scattering alone. ͑Note that for the manganese-containing compounds both spin scattering and contributions from conduction electrons set free by the establishment of the metallic state will contribute to the fielddependent resistivity.͒ In order to penetrate further into the origin of the CMR effect, it would be useful to concentrate on cases where only one of the components contributes.
C. Electronic structure
From the total density of states ͑DOS͒ for KCr 3 O 8 in Fig.  4 , it is evident that the P state with a finite DOS at the Fermi level ͑E F ͒ has metallic character. However, since the E F falls on a peak of the DOS curve, stabilization in the P configuration is not favorable, in agreement with the total energy findings. Interestingly, the F state of KCr 3 O 8 is insulating ͑semiconducting͒ with a band gap ͑E g ͒ of 0.31 eV. F insulators attract much attention owing to their potential application in spintronics devices. The presently studied compounds may be the first examples of Cr-containing oxides with F insulating behavior other than spinels. ͑Earlier, we 18 have predicted F insulating behavior in Ca 2 YCo 2 O 6 where Co takes the valence states Co II and Co IV .͒ Also in the AF configuration KCr 3 O 8 is an insulator with a reduced E g of 0.26 eV. A small energy gap ͑between −1.5 and −1.0 eV͒ is seen within the valence band ͑VB͒ of the F state, whereas the gap is somewhat larger ͑between −1.8 and −1.0 eV͒ in the AF state where more DOS is localized. The electronic structure of all the three compounds is similar in the sense that they have metallic character in the P state and insulating ͑semi-conducting͒ character in the F and AF states. NaCr 3 O 8 has E g = 0.36 eV in the F ground state and 0.41 eV in the ͑meta-stable, if at all realizable͒ AF state, whereas RbCr 3 O 8 has E g = 0.39 eV in its AF ground state and 0.33 eV in the highpressure F state.
As seen from Fig. 5 , the K states are almost empty ͑scale multiplied by a factor of 10͒. This implies that K has donated almost all its electrons to oxygen and becomes ionic. Cr and O states are energetically degenerate implying strong cova- Cr2 are mainly made up from d electrons ͑s and p are scarcely visible even after appreciable magnification͒ we here display only the d-electron DOS. The significant differences in the topology of the d-DOS curves and the integrated DOS values ͑4.2 states for Cr1 and 4.8 states for Cr2͒ reflect their different valence states. The majority-spin channel of Cr1 has more occupied states than its minority-spin channel. Moreover, if Cr2 really had been in the Cr VI ͑d 0 ͒ state it should have an empty d band. Instead, it exhibits a considerable number of well-localized states with more or less equal occupancy in both spin channels. Hence it can be inferred that the almost-zero magnetic moment of Cr2 in these compounds is not due to a genuine Cr VI ͑d 0 ͒ state, but results from negligible exchange splitting. The lm-projected DOS ͑not shown͒ also exhibits different occupancy of d orbitals for Cr1 and Cr2. As the studied systems have monoclinic crystal structure, the d-orbital splitting is not like that in a perfect cubic crystal field. After applying the proper rotation matrix, the octahedrally coordinated Cr1 does not exhibit perfect triply degenerate t 2g and doubly degenerate e g orbitals. In the case of Cr1, the prominent peaks around −6 to −4 eV stem from t 2g -like orbitals whereas those closer to E F come from e g -like orbitals. The lm-projected DOS for Cr2 shows that all the d orbitals have almost equally filled majority-and minority-spin channels localized between −6 and −4 eV. Prominent peaks are seen for Cr1, Cr2, O1, and O3 in the energy range of −6 to −4 eV. This signals appreciable hybridization interaction between Cr and O.
D. Bonding characteristics
Crystal orbital Hamiltonian population ͑COHP, the DOS weighted by the corresponding Hamiltonian matrix elements͒ analysis 19, 20 is a valuable tool to quantify the number of bonding and antibonding states. It may be recalled that a positive sign of the COHP indicates antibonding character and a negative sign bonding character. The calculated COHP for Cr1 and Cr2 is displayed in Fig. 7 . For both kinds of Cr atoms the VB consists of bonding states and the CB of antibonding states indicating that both have strong bonding interaction with their surrounding O ions. The integrated COHP value ͑which provides a measure of bond strength͒ for Cr1 and Cr2 is 1.53 and 2.60 eV, respectively. Hence, the tetrahedral Cr2 atoms have stronger bonding interaction with its O neighbors than the octahedral Cr1 atoms consistent with the conclusion arrived from bond-length analysis.
A combined analysis of charge density, charge transfer, and electron localization function ͑ELF͒ plots gives additional insight into the bonding characteristics of solids. 21, 22 A charge-density plot ͑distribution of charges in real space͒ together with a charge-transfer plot ͑difference between charge density of the solid and that of the atoms forming the solid͒ provides an overall idea about the transfer of charges involved in the formation of the solid. An ELF plot 23 helps to further characterize the different types of bonding involved, the ELF being defined between 0 and 1, and high values of ELF are found in covalent bonds and lone electron pairs.
As the DOS and COHP analyses clearly establish different valence states for Cr, we attempted to look for other signs of charge ordering through examination of charge-density plots ͓Fig. 8͑a͔͒. For Cr1, charges are directed toward the octahedrally coordinated O ions, implying a degree of covalent Cr1-O interaction between them. In the case of Cr2, the charges are also directed toward the surrounding O ions, but here the charge is denser compared to those associated with Cr1, in agreement with the COHP analysis. bond length ͑1.90-1.98 Å͒ and the enhanced charge density between Cr2 and O3 suggest strong covalent interaction. However, a closer look at the charge-transfer plot ͓Fig. 8͑b͔͒ paints a different picture. The anisotropic charge transfer from Cr1 to O3 implies that the Cr1-O3 bonds are of the coordinate covalent type where the shared electrons are supplied solely by Cr1. Moreover, Fig. 8͑b͒ also shows transfer of charges from Cr2 to O3. If the Cr2-O3 bond only had covalent character, the charge-transfer plot should have shown positive charges between Cr2 and O3. However, the denser charge region between Cr2 and O3 in Fig. 8͑a͒ , does not imply a strong covalent bond ͑as customary thinking leads one to believe͒ but rather results from the presence of nonbonding d electrons on Cr2 ͑which are duly absent in the charge-transfer plot͒. Even though the ELF values for the Cr1-O and Cr2-O bonds ͓see Fig. 8͑c͔͒ are almost the same, the contours around the O3 atoms are directed toward Cr1 and away from Cr2. This suggests that the Cr1-O3 bond has some degree of directional character, whereas the Cr2-O3 bonds have both ionic and some degree of covalent character.
From the analyses of magnetic moments, d-orbital occupancies, and various means of bond characterization, it seems reasonable to conclude with Cr 3+ as an approximate valence state for Cr1 whereas Cr 6+ ͑as earlier studies have inferred͒ is certainly inappropriate for Cr2. Within the framework of the ionic picture it may be suggested that the actual charges associated with Cr2 should justify the label Cr cation ͑where adoption of 2− as the valence state for O forms a basic postulate͒ is the appreciable covalent contribution to the Cr2-O bonding.
V. CONCLUSION
It is predicted that a combination of ferromagnetic and insulating ͑at 0 K͒ behavior may be found in formally mixed-valent chromium compounds. The calculated structural parameters are in reasonable agreement with experimental values for NaCr 3 
